Coxiella burnetii is an intracellular Gram-negative bacterium responsible for the important zoonotic disease Q fever. Improved genetic tools and the ability to grow this bacterium in host cell-free media has advanced the study of C. burnetii pathogenesis, but the mechanisms that allow it to survive inside the hostile phagolysosome remain incompletely understood. Previous screening of a transposon mutant library for replication within HeLa cells has suggested that nadB, encoding a putative L-aspartate oxidase required for de novo NAD synthesis, is needed for intracellular replication. Here, using genetic complementation of two independent nadB mutants and intracellular replication assays, we confirmed this finding. Untargeted metabolite analyses demonstrated key changes in metabolites in the NAD biosynthetic pathway in the nadB mutant compared with the WT, confirming the involvement of NadB in de novo NAD synthesis. Bioinformatic analysis revealed the presence of a functionally conserved arginine residue at position 275. Using site-directed mutagenesis to substitute this residue with leucine, which abolishes the activity of Escherichia coli NadB, and expression of WT and R275L GST-NadB fusion proteins in E. coli JM109, we found that purified recombinant WT GST-NadB has L-aspartate oxidase activity and that the R275L NadB variant is inactive. Complementation of the C. burnetii nadB mutant with a plasmid expressing this inactive R275L NadB failed to restore replication to WT levels, confirming the link between de novo NAD synthesis and intracellular replication of C. burnetii. This suggests that targeting this prokaryotic-specific pathway could advance the development of therapeutics to combat C. burnetii infections.
signs including pneumonia and hepatitis. A chronic infection, characterized by endocarditis and chronic fatigue syndrome, may subsequently develop (1, 2) . In 2007-2010 an outbreak in the Netherlands resulted in more than 4000 human cases, the culling of tens of thousands of animals, and cost in excess of 300 million Euros to control (3). C. burnetii primarily targets macrophages and enters via conventional phagocystosis (4) . Once trafficked through the endocytic pathway, the bacterium switches from the small-cell variant form to the actively replicating large-cell variant form (5, 6) and activates the maturation of a phagolysosome-like compartment known as the Coxiellacontaining vacuole (CCV), 2 where it replicates freely (7) (8) (9) .
The relatively recent development of axenic growth medium for C. burnetii (10) and improved techniques for genetic manipulation (11) facilitated identification of the Dot/Icm type 4 secretion system (T4SS) (responsible for translocating at least 130 effector proteins) as essential for replication inside cells (12) (13) (14) . However, much less is known about the Dot/Icm type 4 secretion system-independent factors that are required for replication inside cells. Recent screening of a transposon mutant library (12) for replication within human HeLa cells demonstrated that ϳ10% of transposon mutants were attenuated for growth, including three independent mutants with transposon insertions into nadB. The nadB gene encodes a putative L-aspartate oxidase that is essential for the canonical prokaryotic de novo NAD biosynthetic pathway, in which NadB converts aspartate to iminoaspartate, which is then converted to quinolinate and eventually NAD via downstream enzymes (15) . NAD is an important cofactor for many core metabolic reactions (16, 17) . Intracellular NAD ϩ /NADH ratio is key to the maintenance of an adequate metabolic status and cell survival (18) and may be especially important for C. burnetii, because the phagolysosome is a highly oxidative environment.
In this study we genetically complemented two nadB mutants and performed quantitative and qualitative intracellular replication assays to confirm that nadB is required for intracellular replication of C. burnetii. We then used a combination of sophisticated biochemical and genetic techniques, including GC/MS and LC/MS, recombinant protein purification, enzymatic assays, and site-directed mutagenesis, to demonstrate that de novo NAD biosynthesis is required for C. burnetii replication inside human cells.
Results

nadB is required for efficient intracellular replication of C. burnetii and normal CCV biogenesis
Following the identification in our initial screen of nadB as a candidate gene required for intracellular replication, we aimed first to confirm this role. Two independent transposon mutants, nadB 7-G9::Tn and nadB 23-H5::Tn, with the transposon inserted 900 and 1080 bp into the ORF, respectively, were clonally isolated; the presence of the transposon was confirmed by PCR; and each mutant was complemented with plasmid expressing full-length 3xFLAG: NadB, with the expression of protein of the predicted molecular weight confirmed using anti-FLAG immunoblotting (Fig. S1 ). Intracellular growth assays in human HeLa CCL2 cells were performed, and both nadB mutants had significantly reduced growth, with only a 10-fold increase in genome equivalents at 7 days postinfection, in contrast to WT C. burnetii that increased by over 100-fold in the same period ( Fig. 1) . Complementation with the pJB-Kan:3xFLAG vector expressing 3xFLAG-NadB restored growth to WT levels ( Fig. 1 ), demonstrating conclusively that nadB is required for efficient C. burnetii replication. Qualitative assays using immunofluorescence microscopy examined the effect of transposon insertion into nadB on the size and number of the CCVs. Both nadB mutants displayed much smaller CCVs (stained green) containing very few bacteria (stained red), whereas plasmid complementation of the nadB mutants restored the WT phenotype (Fig. 2 ). Because similar results were obtained for both nadB mutants, nadB 23-H5::Tn and the corresponding complemented strain were used for the remainder of experiments and are referred to as the nadB mutant and the complemented nadB mutant.
nadB is required for normal NAD biosynthesis
To examine the effect of the loss of nadB in C. burnetii cultured in axenic medium, we performed GC/MS analysis to compare the abundance of metabolites within the de novo NAD biosynthetic pathway ( Fig. 3A ) between the nadB mutant, the complemented nadB mutant, and WT C. burnetii grown in axenic medium. Axenic cultures of C. burnetii were rapidly quenched, and polar metabolites were extracted, derivatized, and analyzed using GC/MS. Metabolites were identified from representative chromatograms by retention time (RT) and fragmentation pattern, and log transformation and median normalization were performed before the abundance of each metabolite was compared. As predicted, the loss of NadB resulted in a significantly increased abundance of aspartate in the nadB mutant, with a 4.1 log 2 fold increase compared with WT and a 4.02 log 2 fold increase compared with the complemented mutant ( Fig. 3B ). Furthermore, downstream metabolites were significantly decreased in the nadB mutant, with quinolate decreased by 2.04 log 2 fold and 1.6 log 2 fold in the mutant compared with WT and the complemented mutant, respectively ( Fig. 3B) . Similarly, nicotinic acid mononucleotide (NaMN) was decreased by 1.24 and 2.35 log 2 fold in the nadB mutant, as compared with WT and the complemented mutant, respectively ( Fig. 3B ).
To examine whether the loss of nadB affected the abundance of the metabolites downstream of the predicted entry of nicotinate via a salvage pathway, namely NAD, NADP, and NADH ( Fig. 3A) , LC/MS analysis was performed. Metabolites were complemented strain (open inverted triangles) was measured over 7 days. The fold increases in GEs relative to the inoculum were determined by ompA-specific qPCR and are represented here as the means Ϯ S.D. of three independent infections at days 1, 3, 5, and 7 postinfection. Both nadB::Tn mutants were significantly reduced in growth compared with C. burnetii NMII at days 3, 5, and 7 (p Ͻ 0.05, paired t test).
Figure 2
. nadB is required for normal CCV formation. Shown are representative micrographs (three independent experiments) of HeLa cells infected for 3 days with C. burnetii NMII, the nadB::Tn 23-H5 mutant, the nadB::Tn (23-H5) complemented strain, the nadB::Tn 7-G9 mutant, and the nadB::Tn (7-G9) complemented strain. The cells were stained with anti-Coxiella antibody (red), anti-LAMP1 antibody (green), and DAPI (blue), and white asterisks indicate representative CCVs. Note that the CCVs containing the nadB mutant appear smaller and contain few bacteria compared with either the WT NMII WT strain or the complemented strains. The scale bars represent 10 m. nadB is required for C. burnetii pathogenesis extracted from rapidly quenched axenically cultured C. burnetii and polar metabolites were analyzed by LC/MS, before median normalization and identification of metabolites using authentic standards. The relative abundance of each metabolite was compared. The nadB mutant displayed 1.32 and 2.07 log 2 fold decreases in NAD levels relative to the WT and the complemented mutant strains, respectively (Fig. 3C ). The NADH abundance in the nadB mutant was decreased by 1.06 and 2.58 log 2 fold compared with the WT and the complemented strain, respectively ( Fig. 3C ). Similarly, NADP was decreased in the nadB mutant by 3.60 and 3.37 log 2 fold compared with the WT and the complemented strain, respectively ( Fig. 3C ). Overall, our metabolite analysis demonstrated an effect on de novo NAD synthesis only in the absence of nadB, demonstrating that NadB is required for NAD biosynthesis and that salvage pathways are not sufficient, even in rich axenic medium, to restore the levels of NAD-containing metabolites in the nadB mutant to those present in WT C. burnetii.
Mutation of the critical amino acid residue Arg 275 of NadB abolishes enzymatic function in vitro
To investigate whether the enzymatic function of NadB, and therefore NAD biosynthesis, was crucial to the ability of C. burnetii to replicate inside cells, we first investigated the function of NadB in vitro. Recombinant glutathione S-transferase (GST)-NadB (GST-NadB) was expressed in and purified from Escherichia coli JM109, with GST alone purified as a negative control. To confirm that NadB had the expected L-aspartate oxidase activity, a two-step in vitro enzyme assay was carried out. In vitro, in the absence of the downstream enzyme NadA, the iminoaspartate produced from L-aspartate by NadB catalysis spontaneously hydrolyzes to oxaloacetate (OAA) (19, 20) . This OAA can then be detected by performing a second step, in which commercial malate dehydrogenase is used to reduce OAA to malate, and the change in absorbance at 340 nm (resulting from concurrent NADH oxidation during OAA reduction) is measured. The absorbance will only decrease in the second step of the assay if iminoaspartate is produced by the enzyme used in the first step of the assay.
When GST-NadB was used in the first step of the assay, a fall in absorbance at 340 nm to zero was observed in the second step ( Fig. 4 ), indicating that NadB had L-aspartate oxidase activity (because it produced iminoaspartate in the first step). In contrast, when GST alone was used to catalyze the first step of the assay, no change in absorbance over time was observed in the second step of the assay.
To link the enzymatic function of NadB with its role in intracellular replication and rule out a secondary, nonenzymatic role in intracellular replication, we aligned the amino acid sequence of C. burnetii NadB with that of E. coli NadB ( Fig. 5 ) and identified a conserved arginine in position 275 (position 290 in E. coli). In E. coli NadB, mutation of this arginine to leucine abolishes the enzymatic activity (21) . We performed site-directed mutagenesis, then expressed and purified recombinant C. burnetii GST-NadB-R275L (GST-R275L), and performed the two-step enzyme assay. When GST-R275L was used to cat- Figure 3 . A, the C. burnetii NAD biosynthetic pathway. B, disruption of nadB alters the level of de novo NAD biosynthetic pathway metabolites. Red, complemented nadB mutant; green, nadB mutant; blue, WT C. burnetii NMII. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 (BH-adjusted t test). Fold difference is presented as log 2 scale. C, disruption of nadB reduces the abundance of NAD-containing metabolites. NAD, NADH, and NADP were all significantly reduced in the nadB mutant compared with WT C. burnetii and the complemented nadB mutant. Metabolites were identified using LC/MS, data were median-normalized, and metabolites were identified by reference to authentic standards. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 (BH-adjusted t test). Fold difference is presented as log 2 scale. The graph depicts the second step of the two-step assay, demonstrating the change in absorbance at 340 nm resulting from oxidation of NADH and reduction of OAA in the presence of commercial malate dehydrogenase, if the first step of the assay produced iminoaspartate (which spontaneously hydrolyzes to OAA). A decrease in absorbance will only occur if the protein used in the first step possesses L-aspartate oxidase activity. Proteins used in the first step were GST-NadB (circles), GST (squares), and GST-R275L-NadB (triangles). The graph represents the mean Ϯ S.D. of three independent experiments. nadB is required for C. burnetii pathogenesis alyze the first step of the reaction, no change in absorbance was observed for the second step ( Fig. 4 ), indicating that iminoaspartate was no longer produced in the first step of the assay, and thus that the mutant R275L protein had lost its L-aspartate oxidase function.
De novo NAD biosynthesis is required for intracellular replication of C. burnetii in both epithelial and macrophage-like cells
To confirm whether de novo NAD synthesis is required for intracellular replication of C. burnetii and to investigate whether the type of host cell affects this requirement, we complemented the nadB mutant with the pJB-Kan:3xFLAG plasmid expressing 3xFLAG-R275L-NadB and performed quantitative and qualitative replication assays using both HeLa cells and human macrophage-like THP-1 cells. In HeLa cells, complementation of the nadB mutant with this inactive R275L-NadB resulted in a similar phenotype to that of the original nadB mutant in HeLa cells, with a fold increase in genome equivalents of only 11.7 after 7 days (Fig. 6A ). In contrast, as in our original experiments, complementation with the pJB-Kan: 3xFLAG plasmid expressing WT 3xFLAG-NadB rescued the intracellular growth defect (Fig. 6A) . Similarly, in the macrophage-like THP-1 cells, both WT and the complemented nadB mutant were more than 100-fold greater in number at day 7 than either the nadB mutant or the complemented strain expressing the inactive R275L-NadB ( Fig. 6B ). Expression of both NadB and R275L-NadB by the complemented strains during THP-1 infection was confirmed by immunoblotting ( Fig.  S2 ). Immunofluorescent microscopy revealed a similar CCV phenotype for the R257L complemented strain to that of the original nadB mutant, with very small CCVs containing few bacteria, in both HeLa cells and THP-1 cells ( Fig. 7) . Crucially, these results demonstrate that active NadB, and therefore a functional de novo NAD biosynthesis pathway, are required for intracellular replication of C. burnetii in both professional phagocytes and epithelial cells.
The overall metabolic profile of the nadB mutant differs from that of WT and the complemented mutant
NAD and its derivatives are important cofactors in many metabolic reactions within cells. To investigate why the loss of de novo NAD synthesis may affect intracellular replication, we interrogated our GC/MS and LC/MS data to analyze the effect of the loss of NadB on the overall metabolite profile of the nadB mutant, as compared with the metabolite profiles of the WT and the complemented nadB mutant. In total, we identified 88 metabolites using LC/MS and 110 metabolites using GC/MS and performed pairwise comparisons of the abundance of each metabolite between WT and the nadB nadB is required for C. burnetii pathogenesis mutant and between the nadB mutant and the complemented strain. Metabolites were identified using standard retention time and mass spectra and by comparison with authentic standards.
Principal component analysis demonstrated good separation between the nadB mutant and the other two strains, with (as expected) overlap between the complemented mutant and WT ( Fig. S3 ), demonstrating that the loss of nadB affected the over- nadB is required for C. burnetii pathogenesis all metabolic profile. Pairwise comparison of metabolites from the GC/MS analysis identified statistically significant differences in the abundances of 20 metabolites between the nadB mutant and WT, and 27 metabolites differed between the nadB mutant and the complemented strain. (Fig. 8 ). Fold differences were similar, with the differences for the WT and mutant ranging from 4.1 to Ϫ2.36 log 2 fold, and the differences for the complemented strain versus the mutant the fold differences varied by 4.02 to Ϫ2.35 log 2 fold. In addition to the previously discussed differences in metabolites directly related to NAD biosynthesis, significant differences were seen in metabolites within glycolysis, the pentose phosphate pathway, the tricarboxylic acid (TCA) pathway, DNA synthesis, and amino acid metabolism.
The TCA cycle intermediate citrate was elevated in abundance in both WT and the complemented mutant strain compared with the nadB mutant, with a relative elevation in isocitrate abundance in WT as well. The pentose phosphate pathway intermediate ribose 5-phosphate was relatively elevated in both WT and the complemented mutant strain. The amino acid abundances varied between the two comparisons, with differing patterns observed between WT and the complemented nadB mutant. Significant elevations in a number of nucleobases, nucleosides, and nucleotides were observed in WT and/or the complemented strain compared with the nadB mutant. Overall, disrupting NAD synthesis had significant effects on the levels of a number of metabolites, including those found in central carbon metabolic pathways.
Discussion
NAD and its phosphorylated and reduced derivatives such as NADP, NADPH, and NADH, are crucial cofactors in many core cellular metabolic reactions (16) , including glycolysis and the TCA cycle. Broadly speaking, prokaryotes synthesize NAD via a three-step pathway from L-aspartate (Fig. 3A) , although there are exceptions, such as Haemophilus influenzae, that lacks de novo synthesis and instead relies on salvage pathways. Most eukaryotes, including humans, synthesize NAD using a fivestep pathway from tryptophan (16) , suggesting that the bacterial NAD biosynthetic pathway could be a suitable therapeutic target. We have applied a combination of genetic and biochemical techniques to demonstrate the key role of this pathway in C. burnetii pathogenesis, supporting the identification of this pathway as a novel drug target.
A number of NAD salvage pathways exist in prokaryotes, with the most common converting nicotinamide to nicotinic acid (E. coli enzyme PncA) and then to NaMN (E. coli enzyme PncB) (16) . Downstream of NaMN the de novo biosynthetic and salvage pathways converge, and NaMN is converted to nicotinic acid adenine dinucleotide (bacterial enzyme NadD) and then to NAD (bacterial enzyme NadE) (22) . C. burnetii lacks the Pnc salvage pathway and instead appears to only possess cbu_1035, which encodes a putative nicotinate phosphoribosyltransferase (23) that is predicted to convert scavenged nicotinic acid to NaMN (Fig. 3A) . In our study, we observed that the loss of NAD de novo synthesis can be overcome in vitro (Fig.  S4) , demonstrating that this salvage pathway must be active at least in vitro and that C. burnetii can scavenge nicotinic acid from the rich axenic medium used to culture the cells. Recent analysis of lysosomal metabolites (24) detected nicotinic acid within this cellular compartment, suggesting that it may be present within the CCV. However, our results demonstrate that this salvage pathway is not sufficient to support growth within the CCV in the absence of de novo NAD synthesis, indicating that the levels of nicotinic acid in the CCV are not high enough 
05, BH-adjusted t test) in abundance between WT and the nadB mutant (A) and between the complemented nadB mutant and the nadB mutant (B) in the GC/MS analysis.
Metabolites from all strains were identified from representative chromatograms using RTs. The data were log-transformed and median-normalized before analysis. The data represent the average log 2 fold change from six biological repeats.
nadB is required for C. burnetii pathogenesis
to provide sufficient NAD to support growth or that the salvage system is not active in vivo. We saw similar results in both human epithelial and human macrophage-like cells, suggesting that the specific host cell does not affect the requirement of C. burnetii for de novo NAD synthesis when inside the CCV. In contrast, another intracellular human pathogen, Mycobacterium tuberculosis, is fully virulent in an animal model even in the absence of de novo NAD synthesis (25) . M. tuberculosis possesses the Pnc salvage system, and expression of this system is induced during mouse infection (25) , suggesting that, in contrast to C. burnetii, it is salvage pathways rather than de novo synthesis that are crucial for M. tuberculosis virulence. This also suggests that the nutrient composition of the compartment that M. tuberculosis replicates in is different from that of the CCV. It is also possible that the observed differences may relate to the host species used, because the M. tuberculosis studies were carried out in mice, whereas our study used human cells, or the observed differences may be due to differences between animal and cell infection models.
Another intracellular human pathogen, Shigella flexneri, lacks the de novo NAD synthetic pathway because of mutations within both nadA and nadB and relies on the conversion of nicotinic acid to NaMN by PncB, resulting in an absolute requirement for nicotinic acid supplementation during growth in vitro. In contrast to C. burnetii, restoring de novo NAD synthesis reduced the ability of S. flexneri to invade and spread between host cells (26) . This finding appeared to relate to the inhibition of cell-to-cell spread by quinolate, although the mechanisms by which this occurs is not yet known. Nonetheless, this observation further supports the idea that tight regulation of this pathway is crucial to the virulence of intracellular pathogens. The downstream enzymes, NadD and NadE, which are common to both the salvage pathway and the de novo synthetic pathway, have been shown to be essential in the model organism Mycobacterium smegmatis, because inhibition of these enzymes leads to metabolic catastrophe and bacterial death, because of the loss of essential NAD(H) cofactors, and these enzymes are therefore considered antimycobacterial drug targets (22) . In humans, three isoforms of hsNMNAT carry out the physiologically equivalent reaction to that carried out by NadD in bacteria. Although there appear to be structural distinctions between the human and prokaryotic enzymes that would make selective targeting of bacterial enzymes such as NadD possible (27), our results suggest that further investigation of the role of de novo NAD synthesis in a variety of bacteria may reveal that targeting the prokaryotic-specific part of this pathway is a viable alternative therapeutic target for many pathogenic bacteria.
Loss of de novo synthesis reduced the levels of NAD-containing metabolites within axenically cultured C. burnetii, demonstrating that even in rich medium the salvage pathway is not sufficient to completely overcome the loss of de novo synthesis, although the nadB mutant grew normally in axenic medium (Fig. S4 ). Consistent differences in the steady-state metabolic profiles of the nadB mutant and both WT and the complemented strain were seen in the levels of nucleotides and related metabolites, and in TCA intermediates, with lower abundances of these metabolites in the nadB mutant. This may suggest a change in the flux through different key metabolic pathways when the levels of NAD-containing cofactors become limited. Furthermore, genome analysis suggests that C. burnetii lacks the oxidative arm of the pentose phosphate pathway, and it is not clear how NADPH, a major source of reducing equivalents for core metabolic reactions and antioxidant mechanisms, is regenerated (28) . Therefore, C. burnetii and other bacteria that lack this pathway may be particularly vulnerable to inhibition of de novo NAD synthesis. We did observe some differences in changes in metabolite levels between the complemented nadB mutant and WT, when compared with the nadB mutant, which most likely relates to the overexpression of nadB in the complemented strain caused by the use of a plasmid for genetic complementation. Future studies employing stable isotope labeling would further define how the reduced levels of NAD-containing metabolites affect the overall cellular metabolism of C. burnetii.
Adequate levels of NAD-containing cofactors are crucial for cellular metabolism and maintenance of redox homeostasis. Furthermore, given the highly oxidative environment of the phagolysosome, it is expected that genes associated with redox balance are important to C. burnetii intracellular survival and replication. Here, we demonstrate conclusively that de novo NAD synthesis is critical for C. burnetii pathogenesis and suggest that further investigation of the importance of this prokaryotic-specific pathway in the virulence of a wider range of pathogens is warranted.
Experimental procedures
Cell strains and culture conditions
Plaque purified C. burnetii Nine Mile phase II (NMII) strain RSA 439 and derivatives were cultured in ACCM-2 liquid medium or ACCM-2-agarose plates at 37°C with 5% CO 2 and 2.5% O 2 . Chloramphenicol and kanamycin at final concentrations of 3 and 350 g/ml, respectively, were used for selection of transposons and plasmids when required. E. coli JM109 was used for expression and purification of recombinant proteins and E. coli DH5a for routine cloning. E. coli XL1-Blue super competent cells were used for site-directed mutagenesis. E. coli was cultured in Luria-Bertani medium with ampicillin (100 g/ml), chloramphenicol (25 g/ml), and kanamycin (100 g/ml) added as required for plasmid selection. HeLa CCL2 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 5 or 10% fetal calf serum (FCS) at 37°C in 5% CO 2 .
Clonal isolation and complementation of the nadB mutants
The C. burnetii nadB transposon mutants from the previous screen (12) were clonally isolated as previously described (13) . Briefly, clones were isolated by growth on two-layered ACCM-2 containing chloramphenicol. The plates were incubated for 6 days before single colonies were harvested using a sterile micropipette tip and expanded into 24-well plates. DNA was extracted from axenically cultured C. burnetii using the High Pure PCR template preparation kit as per the manufacturer's instructions (Roche). The cultures were screened by PCR using gene-specific and transposon primers to confirm the presence of the transposon within the nadB ORF.
nadB is required for C. burnetii pathogenesis
To complement the nadB mutant, primers ( Table 1) were used to amplify nadB with engineered SalI restriction sites to facilitate cloning into the C. burnetii complementation vector pJB-Kan:3xFLAG (29) to produce pFLAG-NadB. DNA sequencing was used to confirm the insertion of full-length nadB in the correct orientation. pFLAG-NadB was then introduced into the C. burnetii nadB mutant as described previously (12) . Briefly, axenically cultured stationary phase C. burnetii were harvested by centrifugation (15,000 ϫ g, 4°C, 15 min) and resuspended in 20 ml of ice-cold 10% glycerol, before cells were harvested again and resuspended in 100 l of ice-cold 10% glycerol. 10 g of plasmid was then introduced via electroporation (18 kV, 500 ⍀, and 25 microfarads). Following overnight recovery, kanamycin (350 g/ml) was added, and transformants were selected on ACCM-2-agarose plates. The colonies were expanded to 24-well plates in ACCM-2 and screened for expression of FLAG-NadB using SDS-PAGE immunoblotting. Mouse anti-FLAG antibody was diluted (1/1000) in 1% (w/v) skim milk in PBS-T, and the secondary antibody (antimouse IgG HRP) was diluted to 1/3000 in 1% (w/v) skim milk in PBS-T for immunoblotting, before detection of signal using chemiluminescence.
Intracellular growth curves and immunofluorescence microscopy
The day prior to infection, 5 ϫ 10 4 HeLa CCL2 cells were seeded into 24-well plates with or without coverslips. Stationary phase axenically grown C. burnetii strains were resuspended in DMEM ϩ 5% FCS, and bacterial numbers were quantified by qPCR using ompA-specific primers (30) . Bacteria were then diluted in DMEM ϩ 5% FCS at 1 ϫ 10 7 genome equivalents/ml to achieve a multiplicity of infection of 50. HeLa cells were infected for 4 h, and then the medium was removed, washed with PBS to remove uninfected bacteria, and incubated with fresh DMEM with 5% FBS. Infection lysate was collected at the time of infection (day 0) and 24 (day 1), 72 (day 3), 120 (day 5), and 168 (day 7) h after this initial time point. At each time point, the cells were lysed with H 2 O, samples were harvested, and the C. burnetii genome equivalents were determined using ompA-specific qPCR.
Replicate wells were also fixed with 4% paraformaldehyde at day 3 for subsequent immunofluorescent staining. The fixed cells were permeabilized and blocked with blocking buffer (PBS ϩ 2% (w/v) BSA ϩ 0.05% (v/v) saponin) for 1 h. The cells were then stained with rabbit anti-C. burnetii and mouse anti-LAMP1 monoclonal antibodies diluted in blocking buffer at 1/10,000 and 1/500, respectively. Secondary antibodies antirabbit Alexa Fluor 568 and anti-mouse 488 were used diluted at 1/3000 in blocking buffer. DAPI diluted 1/10,000 in PBS was added following removal of the secondary antibodies, and the cells washed were with PBS before mounting on glass slides using Dako fluorescent mounting medium. The images were acquired using Zeiss LSM700, Zeiss LSM710, and Nikon A1R confocal microscopes and analyzed using ImageJ software.
Three days prior to infection, THP-1 cells were seeded at 5 ϫ 10 5 /well in 24 well plates and treated with 10 nM phorbol 12-myristate 13-acetate to induce differentiation into macrophage-like cells. THP-1 cells were then infected at an multiplicity of infection of 25, and the intracellular replication assays were performed in a similar manner as for the HeLa cells. To confirm expression of FLAG-tagged proteins by C. burnetii strains during THP-1 infection, infected THP-1 cells were harvested 3 days after infection and subjected to SDS-PAGE. Mouse anti-FLAG antibody was diluted (1/1000) in 1% (w/v) skim milk in PBS-T and the secondary antibody (anti-mouse IgG HRP) diluted to 1/2000 in 1% (w/v) skim milk in PBS-T for immunoblotting, before detection of signal using chemiluminescence.
Site-directed mutagenesis
Sequence alignment using Geneious software was performed to identify conserved amino acids between the E. coli NadB protein (NP_417069.1, b2574) and C. burnetii NadB. C. burnetii nadB was amplified using gene-specific primers (Table 1) and cloned into pGEM-T (Promega) as per the manufacturer's instructions. To mutate Arg 275 to Leu, primers were designed to introduce the desired mutation (Table 1 ) and site-directed mutagenesis using the QuikChange site-directed mutagenesis kit (Agilent Technologies) carried out following the manufacturer's instructions. The presence of the desired mutation in pGEM-R275L-NadB was verified by DNA sequencing. This plasmid was then used to subclone R275L-NadB into the C. burnetii complementation vector pJB-Kan:3xFLAG to produce pFLAG-R275L-NadB and as template for PCR amplifica- nadB is required for C. burnetii pathogenesis tion of R257L-nadB for cloning into pGEX-4T-1 to produce GST-R275L-NadB. The pFLAG-R275L-NadB construct was introduced into the C. burnetii nadB mutant as described above, with expression of full-length R275L-NadB confirmed by anti-FLAG immunoblotting, as for the original complementation construct (Fig. S1 ).
Expression and purification of recombinant proteins
Both nadB and R275L-NadB were PCR-amplified using gene-specific primers with engineered SalI sites (Table 1) and cloned into the SalI site of pGEX-4T-1 with an N-terminal GST tag. Correct insertion of the gene was confirmed by DNA sequencing. To purify recombinant proteins, overnight cultures of E. coli JM109 were diluted 1 in 100 in LB broth and grown to late logarithmic phase before induction of protein expression using 1 mM isopropyl-␤-D-thiogalactopyranoside. Bacteria were harvested by centrifugation (7700 ϫ g, 10 min, 4°C) and incubated overnight in ice-cold PBS containing 1 mg/ml lysozyme and 1 mM phenylmethylsulfonyl fluoride. The cells were lysed by sonication, Triton X-100 was added to a final concentration of 1%, and the lysate was incubated for 30 min on ice. The soluble and insoluble fractions were separated by centrifugation. Recombinant proteins were purified from the soluble fraction using affinity chromatography on a GSH-Sepharose column according to the manufacturer's instructions (Amersham Pharmacia Biotech). Fractions containing the desired protein were pooled, and the purified protein was dialyzed against PBS using dialysis tubing cellulose membrane (Sigma) and protein concentration determined by Pierce BCA protein assay kit (Thermo Scientific) using BSA standards.
Determination of L-aspartate oxidase activity
A two-step enzyme assay was conducted to determine the L-aspartate oxidase activity of the recombinant proteins. In the first step, 100 mM bicine, pH 8.0, 2 M FAD, 10 mM L-aspartate, 0.5 mg of BSA, 50 units of catalase, and 4.9 g of recombinant protein (GST-NadB, GST-R275L-NadB, or GST) was incubated at 37°C for 20 min and then stopped with perchloric acid. The denatured protein was removed by centrifugation (1000 ϫ g, 3 min, RT). The supernatant was transferred to a new tube and neutralized with potassium hydroxide. For the second step, 0.1 mM NADH, 2.5 mM EDTA, and 100 mM bicine were added to the supernatant, and the reaction was started with 10 units of malate dehydrogenase (Sigma). The absorbance at 340 nm was measured at 1-min intervals for 8 min at 25°C, and the average optical density of triplicate wells was calculated at each time point (following subtraction of the blank absorbance reading).
Quenching and extraction of polar metabolites
Six biological replicates of 20 ml of axenically cultured C. burnetii NMII strains were transferred into 50 ml of prechilled falcon tubes and immediately quenched to 0°C in an ethanol-dry ice bath to stop metabolism. The quenched cultures were harvested by centrifugation (0°C, 1000 ϫ g, 20 min). To remove residual culture medium, the cell pellets were washed with ice-cold PBS (0°C at 1000 ϫ g, 20 min), resuspended in 1 ml of PBS, and transferred into prechilled 1.5-ml microcentrifuge tubes. Following centrifugation (0°C at 23,000 ϫ g, 15 min), the pellet was stored on ice. To lyse cells and extract metabolites, 400 l of 3:1 (v/v) methanol:water containing 1 nmol of 13 C 6 -sorbitol and 10 nmol of 13 C 5 , 15 N-labeled valine as internal standards was added. Following vigorous mixing the cells were lysed using freeze-thaw cycles, and the reaction mixture was adjusted to a CHCl 3 :CH 3 OH:H 2 O ratio of 1:3:1 (v/v/v) by the addition of chloroform before mixing. After a 10-min incubation period, centrifugation (0°C at 23,000 ϫ g for 15 min) was performed to pellet cell debris and precipitated proteins. Phase separation was achieved after the supernatant was transferred to a fresh microcentrifuge tube and adjusted to CHCl 3 :CH 3 OH:H 2 O ratio of 1:3:3 (v/v/v) by addition of water. The upper aqueous phase containing polar metabolites was transferred to a fresh microcentrifuge tube and stored at Ϫ80°C until drying. The samples were dried under vacuum at 37°C with 30 l of methanol added to the dried sample for the final drying stage. Polar metabolites were then derivatized and analyzed by GC/MS using a Shimadzu GC-TQ8040 triple quadrapole, as described previously (31, 32) . Polar metabolites were also analyzed by HPLC-MS using an Agilent Technologies 1200 series HPLC system coupled to a 6545 Q-TOF, as described previously (31, 32) .
Statistical analysis and comparison of metabolite profiles
Metabolites from all strains were identified from representative chromatograms by using an Agilent MSD Productivity Chemstation. Metabolites were identified by comparison of retention times and molecular masses with authentic standards. Peak integration was performed on the spectra from identified metabolites and collated into a targeted data matrix. The data were then missing value-imputed, median-normalized, and log-transformed and statistically analyzed by R-script using R-based statistical analysis package from Metabolomics Australia, as described previously (32) and the online tool MetaboAnalyst. Metabolite abundances between selected strain pairs were compared using unpaired Student's t test with the Benjamini-Hochberg adjustment to correct for false discoveries, with p Ͻ 0.05 considered significant. 
